Introduction {#S1}
============

Asymmetric cell division is a conserved mechanism that generates diversity in cell populations. Asymmetric divisions are found in both unicellular organisms and metazoans, where they play a major role in stem cell self-renewal and tissue homeostasis during development [@R1],[@R2]. During asymmetric division, unequal partitioning of cell fate determinants between the new cells leads to their different identities.

We have investigated how the acquisition of cell identity is controlled by nuclear pore complexes (NPCs) during asymmetric cell division. NPCs are macromolecular assemblies composed of approximately 30 nucleoporins forming channels across the nuclear envelope (NE) to mediate transport between the nucleus and the cytoplasm [@R3]--[@R5]. Nucleo-cytoplasmic transport of proteins and RNA is intimately tied to the regulation of gene expression and cell fate determination [@R6],[@R7]. Additionally, the NE and nucleoporins associated with the nuclear basket of NPCs can directly interact with the nuclear genome to regulate gene expression and thus affect cell differentiation \[reviewed in [@R7]--[@R10]\]. In particular, the nuclear periphery is a transcriptionally repressive environment in yeast and metazoans [@R11]--[@R14], and gene repositioning from the nuclear interior to the periphery can result in silencing [@R15],[@R16]. The composition of both the NE and NPCs, and their interactions with the genome, are known to diverge during development [@R17]--[@R20]. However, how differences in perinuclear function are established during development, and in particular during asymmetric cell divisions, remains unclear.

Budding yeast divide asymmetrically, giving rise to mother and daughter cells of different size, age, transcriptional profiles and cell cycle programs [@R21]--[@R23]. Notably, commitment to a new division cycle is regulated asymmetrically in *S. cerevisiae*: daughter cells start a new cycle later than mother cells. This is due to a cell size-dependent delay that prolongs G1 until daughter cells reach a critical size [@R21],[@R24] and to size-independent, daughter-specific delay of the G1/S transition [@R25],[@R26]. Regulatory principles controlling cell cycle entry are similar in yeast and animal cells: a transcriptional activator (SBF in yeast; E2F in mammals) drives expression of cyclin genes (*CLN1/2* or cyclin E, respectively) controlling the start of S phase. SBF or E2F are inhibited in G1 by a transcriptional repressor: Whi5 in yeast, and its homolog the Rb tumour suppressor in mammals. In yeast, a key event driving the G1/S transition is the dilution of Whi5 activity by cell growth, whereby the volume increase in daughter cells during G1 lowers the concentration of Whi5 below a critical threshold [@R27]. This allows Cyclin-dependent kinase (Cdk) complexes to inactivate Whi5, which is then evicted from the nucleus [@R28],[@R29]. Interestingly, the G1 concentration of Whi5 is higher in daughter cells than in mother cells [@R27],[@R30]. The mechanism establishing this asymmetry is not known.

Here, we reveal that cell cycle entry in budding yeast daughters is inhibited by association of the lysine deacetylase Hos3 with daughter-cell NPCs. We identify the mechanism recruiting Hos3 to NPCs during mitosis. Further, we demonstrate that Hos3-mediated NPC deacetylation establishes asymmetric segregation of the Whi5 transcriptional repressor and perinuclear silencing of the G1/S cyclin gene *CLN2* in daughters, which together contribute to inhibit Start. Thus, cell-specific deacetylation of NPCs directs differences in cell identity during asymmetric division.

Results {#S2}
=======

Hos3 inhibits cell cycle entry in daughter cells {#S3}
------------------------------------------------

Commitment to a new division cycle in budding yeast occurs earlier in mother cells than in daughter cells. The lysine deacetylase Hos3 has been implicated in the control of G1 length and gene expression [@R31],[@R32] but whether it plays a role specifically in daughter cells was not known. We therefore determined G1 duration in wild type and *hos3*Δ mother and daughter cells by evaluating the interval between cytokinesis and bud emergence, normalized by the rate of growth α during this period (αTG1) ([Figure 1A](#F1){ref-type="fig"}). This revealed a shortened G1 in *hos3*Δ daughter cells, but not mother cells, relative to wild type ([Figure 1B-C](#F1){ref-type="fig"}, [Supplementary Figure S1A](#SD7){ref-type="supplementary-material"} and [Supplementary Table S1](#SD2){ref-type="supplementary-material"}). Premature onset of S phase can lead to smaller cell size at Start, but this is not the case for *hos3* cells [@R31], probably due to slightly faster growth rate of the *hos3*Δ mutant relative to wild type specifically during S/G2/M phases ([Supplementary Figure S1B](#SD7){ref-type="supplementary-material"}).

G1 is divided in two periods, T1 and T2, separated by nuclear export of the transcriptional repressor Whi5 ([Figure 1A](#F1){ref-type="fig"}). Analysis of Whi5-GFP nuclear export kinetics (T1) showed that *HOS3* deletion reduces αT1 in daughter cells relative to wild-type daughters (mean and standard deviation: *WT*: 12.6 ± 8.3, N = 55; *hos3*Δ: 6.3 ± 3.5, N = 64, *p* \< 0.0001, Mann-Whitney test) ([Figure 1, D-E](#F1){ref-type="fig"}). Shortening of G1 in *hos3*Δ daughter cells relative to wild type daughters was observed even for cells born at similar sizes ([Figure 1G](#F1){ref-type="fig"}). In contrast, the scaled time between Whi5 export and budding (αT~2~), ascribed to molecular noise [@R33], was similar in *hos3*Δ and wild type cells ([Supplementary Figure S1C](#SD7){ref-type="supplementary-material"}). In addition, a catalytically inactive mutant of Hos3 (Hos3^H196E,\ D231N^, or Hos3^EN^) [@R34] showed advanced cell cycle entry exclusively in daughter cells in a similar manner to *hos3*Δ ([Figure 1F-H](#F1){ref-type="fig"}). Therefore, Hos3 activity inhibits Start in daughter cells.

Hos3 associates with the nuclear periphery of daughter cells during anaphase {#S4}
----------------------------------------------------------------------------

Hos3 is present in the cytoplasm during interphase and is recruited to the daughter side of the septin-based ring at the mother-bud neck during mitosis [@R34]. Unexpectedly, time-lapse fluorescence microscopy revealed that Hos3-GFP also associates specifically with the nuclear periphery of the daughter cell during anaphase. Perinuclear Hos3 localization coincides with passage of the nucleus through the bud neck ([Figure 2A](#F2){ref-type="fig"}, [Supplementary Figure S2A](#SD7){ref-type="supplementary-material"}, [movies S1](#SD8){ref-type="supplementary-material"}-[2](#SD9){ref-type="supplementary-material"}). Hos3 disappeared from the bud neck and nuclear periphery 1-2 minutes before cytokinesis ([Supplementary Figure S2B-C](#SD7){ref-type="supplementary-material"} and [movie S3](#SD10){ref-type="supplementary-material"}). These localization dynamics did not involve changes in total Hos3 protein levels ([Figure 2B](#F2){ref-type="fig"}) or require Hos3 catalytic activity ([Supplementary Figure S2D-E](#SD7){ref-type="supplementary-material"}).

We defined the determinants of Hos3 localization to the nuclear periphery of daughter cells. Firstly, this is dependent on passage of the nucleus through the bud neck. Hos3-GFP associated with nuclear protrusions extending across the bud neck and into the daughter cell, which form in cells arrested in metaphase by depletion of the APC activator Cdc20 [@R35] ([Supplementary Figure S3A](#SD7){ref-type="supplementary-material"}). Moreover, in *dyn1*Δ cells that completed anaphase within the mother cell, Hos3-GFP was recruited to the perinuclear region only after migration of the anaphase nucleus into the daughter compartment (20/20 cells with delayed nuclear migration) ([Figure 2C](#F2){ref-type="fig"}, [Supplementary Figure S3B-C](#SD7){ref-type="supplementary-material"}, and [movie S4](#SD11){ref-type="supplementary-material"}).

Secondly, recruitment of Hos3 to the nuclear periphery depends on its association with the bud neck. Septin ring perturbation in the temperature sensitive (ts) *cdc12-1* mutant led to symmetric localization of Hos3 at both the bud neck and the nuclear periphery during anaphase ([Supplementary Figure S3D-F](#SD7){ref-type="supplementary-material"}). Additionally, deletion of Hsl7, which recruits Hos3 to the septin ring [@R34], also prevented perinuclear localization of Hos3-GFP, which localized at the anaphase daughter spindle pole body (dSPB) in *hsl7*Δ (71/74 cells) ([Figure 2D](#F2){ref-type="fig"} and [Supplementary Figure S3G](#SD7){ref-type="supplementary-material"}). Interestingly, inhibition of mitotic exit in the *cdc15-1* mutant retained Hos3-GFP in the bud neck and dSPB ([Supplementary Figure S3H](#SD7){ref-type="supplementary-material"}). Over-expressed Hos3-GFP also associated with the dSPB ([Supplementary Figure S3I](#SD7){ref-type="supplementary-material"}, [movie S5](#SD12){ref-type="supplementary-material"}); this may explain why perinuclear Hos3 was not detected using plasmid-borne Hos3-GFP [@R34].

Lastly, mutation of the importin Mtr10 impaired Hos3 recruitment to the nuclear periphery, which was instead found at the bud neck and the dSPB during anaphase (42/52 cells; [Figure 2E](#F2){ref-type="fig"}). Thus, Hos3 is imported into the daughter nucleus during its migration across the bud neck, in a manner dependent on Mtr10. Importantly, total Hos3-GFP levels were constant in *dyn1*, *hsl7* and *mtr10* cells ([Supplementary Figure S3J](#SD7){ref-type="supplementary-material"}). The highly regulated asymmetric enrichment of Hos3 at the nuclear periphery suggests that it performs an important function in daughter cell nuclei, and might underlie the Hos3-mediated inhibition of Start in daughters.

Hos3 associates with nuclear pores in daughter cells to delay Start {#S5}
-------------------------------------------------------------------

We next asked if targeting Hos3 to the mother cell nucleus prolongs G1 in these cells. Hos3-GFP fused with the nuclear localization signal of SV40 TAg [@R36] (Hos3-NLS-GFP) localized to the periphery of both mother and daughter cell nuclei throughout the cell cycle ([Figure 3A](#F3){ref-type="fig"} and [Supplementary Figure S4A-B](#SD7){ref-type="supplementary-material"}), and delayed Whi5 nuclear export (T1) ([Figure 3, B-C](#F3){ref-type="fig"}). Furthermore, over-expression of Hos3-NLS impaired growth on solid media ([Figure 3D](#F3){ref-type="fig"} and [Supplementary Figure S4C](#SD7){ref-type="supplementary-material"}) and led to an increase in cell volume, consistent with a cell cycle delay ([Figure 3E](#F3){ref-type="fig"}). This toxicity required the constitutive nuclear localization and the catalytic activity of Hos3, as cells grew normally when over-expressing Hos3-GFP (without the NLS) or Hos3^EN^-NLS-GFP ([Figure 3D](#F3){ref-type="fig"} and [Supplementary Figure S4C](#SD7){ref-type="supplementary-material"}). Thus, perinuclear localization of active Hos3 is sufficient to inhibit Start.

Remarkably, Hos3-NLS did not accumulate in the nucleoplasm but was instead enriched in the nuclear periphery like Hos3-GFP (see [Figure 3A](#F3){ref-type="fig"}), and was detected by immuno-electron microscopy on the nucleoplasmic side of NPCs ([Supplementary Figure S4D](#SD7){ref-type="supplementary-material"}), suggesting that Hos3 associates with NPCs. In agreement with this, artificial NPC clustering caused by deletion of *NUP133* [@R37] led to clustering of Hos3-GFP and Hos3-GFP-NLS, which partially co-localized with a subset of pores ([Figure 4A](#F4){ref-type="fig"}, [Supplementary Figure S4E-G](#SD7){ref-type="supplementary-material"}, and [movie S6](#SD13){ref-type="supplementary-material"}). Deletion of the nuclear pore basket component Nup60 [@R38] prevented perinuclear localization of Hos3-NLS ([Supplementary Figure S4H-I](#SD7){ref-type="supplementary-material"}) and of Hos3-GFP, which was instead distributed in the nucleoplasm of *nup60*Δ anaphase daughter cells ([Figure 4B](#F4){ref-type="fig"} and [movie S7](#SD14){ref-type="supplementary-material"}). Additionally, epitope-tagged Hos3 and Nup60 co-immuno-precipitated in logarithmically growing cultures, and their interaction was stronger in extracts prepared from metaphase-arrested cells in which Hos3 localizes to the nuclear periphery ([Figure 4C](#F4){ref-type="fig"} and [Supplementary Figure S4J](#SD7){ref-type="supplementary-material"}). Thus, Hos3 associates with NPCs during nuclear migration into the bud. This association was sufficient to delay Whi5 export and cell cycle entry, because artificial tethering of Hos3 to NPCs with an FKBP-FRB system [@R39] strongly and specifically delayed Start ([Figure 4D](#F4){ref-type="fig"} and [Supplementary Figure S4K](#SD7){ref-type="supplementary-material"}).

Hos3 is required for the enrichment of Whi5 in daughter cell nuclei {#S6}
-------------------------------------------------------------------

To test if perinuclear Hos3 alters interactions of proteins with NPCs, we examined the localization of 217 nuclear proteins fused to GFP, in wild type and *HOS3-NLS* cells ([Figure 5A-B](#F5){ref-type="fig"} and [Supplementary Table S2](#SD3){ref-type="supplementary-material"}). 10 proteins showed altered localization in *HOS3-NLS* relative to wild type strains; intriguingly, the majority of these are involved in nucleo-cytoplasmic transport. The karyopherins Kap95 and Kap123, the mRNA export regulators Mtr2 and Mex67, and the TREX-2 component Sac3 showed reduced perinuclear localization in Hos3-NLS cells. In contrast, the tRNA export factor Los1, the telomeric Ku complex components Yku70 and Yku80, the UBX domain-containing Ubx7, and the karyopherin Kap114A became enriched in the nucleus or nuclear periphery in the presence of Hos3-NLS ([Figure 5B](#F5){ref-type="fig"} and [Supplementary Figure S5A](#SD7){ref-type="supplementary-material"}). These observations raised the possibility that Hos3 regulates nucleo-cytoplasmic transport dynamics to delay Start in daughter cells.

The probability of entering the cell cycle is inversely proportional to Whi5 nuclear concentration, and Start is triggered when cell growth dilutes Whi5 below a critical level [@R27],[@R30]. Notably, Whi5 nuclear concentration is higher in daughter than in mother cells, although the reason for this asymmetry has not been elucidated. We therefore determined the nuclear concentration of Whi5 fused to mCitrine or GFP in wild type and *hos3Δ* cells immediately after cytokinesis. Whi5 nuclear concentration was higher in daughter than in mother cells and this asymmetry was dependent on Hos3 ([Figure 5C](#F5){ref-type="fig"} and [Supplementary Figure S5B-C](#SD7){ref-type="supplementary-material"}). Moreover, the amount and concentration of the Kap95 importin and the Msn5 exportin, which control Whi5 nuclear levels [@R40],[@R41], were higher in mother than in daughter nuclei and these asymmetries were dependent on Hos3 ([Figure 5D-E](#F5){ref-type="fig"} and [Supplementary Figure S5C-D](#SD7){ref-type="supplementary-material"}). Deletion of Hos3 did not affect the asymmetric distribution of NPCs marked with Nup49-mCherry ([Supplementary Figure S5E](#SD7){ref-type="supplementary-material"}), which are partially retained in mother cells due to a septin-based diffusion barrier [@R23]. These results suggest that Hos3 inhibits cell cycle entry in daughter cells through modulation of Whi5 nucleo-cytoplasmic transport in late anaphase. We propose that this leads to a higher Whi5 concentration in daughter nuclei, and consequently prolongs G1 duration of these cells.

To determine whether Hos3 regulates G1 solely through Whi5 function, we compared the time of budding for *whi5*Δ and *hos3*Δ *whi5*Δ cells. Deletion of *WHI5* leads to advanced Start due to derepression of SBF/MBF target genes including the G1 cyclins, Cln1 and Cln2 [@R28],[@R29]. Importantly, deletion of *HOS3* advances budding in both wild type and *whi5*Δ cells ([Figure 5F](#F5){ref-type="fig"} and [Supplementary Figure S5F](#SD7){ref-type="supplementary-material"}). Because *hos3*Δ *whi5*Δ *cln1*Δ *cln2*Δ cells did not advance budding relative to *HOS3 whi5*Δ *cln1*Δ *cln2*Δ cells ([Figure 5G](#F5){ref-type="fig"}), Hos3 probably acts through both Whi5-dependent and Whi5-independent mechanisms to inhibit expression of G1 cyclins.

Hos3 controls *CLN2* expression and subnuclear localization of the *CLN2* gene locus {#S7}
------------------------------------------------------------------------------------

To further investigate how Hos3 delays Start, we examined the relationship between Hos3 and other regulators of cell cycle entry. Control of Start is composed of two modules, each controlled by a different G1 cyclin [@R33]. Cln3-Cdk complexes initiate Start through inactivation of Whi5 in early G1, followed by Cln1/2-Cdk complexes, which complete Whi5 inactivation in a positive feedback loop [@R42]--[@R44] ([Supplementary Figure S6A](#SD7){ref-type="supplementary-material"}). Hos3 loss did not affect the Ace2 -- Ash1 pathway, which delays G1 in daughters by repressing *CLN3* [@R25],[@R26] ([Supplementary Figure S6B-E](#SD7){ref-type="supplementary-material"}). However, our data indicated that Hos3 acts through inhibition of Cln2. We analyzed *CLN2* expression by time-lapse microscopy of wild type and *hos3*Δ cells expressing fast-folding, unstable GFP expressed from the *CLN2* locus under the control of the *CLN2* promoter [@R45]. This revealed that the time of *CLN2* expression relative to cytokinesis was advanced in *hos3*Δ daughter cells ([Figure 6A-B](#F6){ref-type="fig"} and [Supplementary Figure S7A](#SD7){ref-type="supplementary-material"}). Hos3 was not detected at the *CLN2* promoter ([Supplementary Figure S7B](#SD7){ref-type="supplementary-material"}) unlike the deacetylase Rpd3, which represses *CLN2* in G1 phase [@R32],[@R46]. This suggests that Rpd3 and Hos3 repress *CLN2* through different mechanisms.

The yeast nuclear periphery and NPCs play a role in three-dimensional genome organization and gene expression. Confocal 3D imaging showed that *CLN2* labeled with the LacO/LacI-GFP system was adjacent to nuclear pores in 88% of unbudded cells and in 20% of budded cells ([Figure 6C-D](#F6){ref-type="fig"} and [Supplementary Figure S7C](#SD7){ref-type="supplementary-material"}). Furthermore, *CLN2* associated with clustered NPCs in *nup133*Δ mutant cells during G1 ([Supplementary Figure S7D](#SD7){ref-type="supplementary-material"}). Strikingly, the G1-specific perinuclear association of *CLN2* was independent of *WHI5* but required Hos3, as the fraction of G1 cells with perinuclear *CLN2* was reduced to less than 40% in *hos3*Δ cells ([Figure 6D](#F6){ref-type="fig"} and [Supplementary Figure S7C](#SD7){ref-type="supplementary-material"}). Moreover, the *CLN2* locus associated with the nuclear basket component Nup60 specifically during G1 phase and this association was lost in *hos3*Δ mutants ([Figure 6E](#F6){ref-type="fig"}). Thus, Hos3 promotes the G1-specific association of NPCs with *CLN2*.

*CLN2* is located 60 kb away from a telomere, and Hos3 deletion led to displacement away from the nuclear periphery of subtelomeric *TEL12R* but not of *TEL4R* loci, which were perinuclear in the majority of wild type cells during both G1 and S phases ([Supplementary Figure S7E](#SD7){ref-type="supplementary-material"}). Thus, Hos3 may control the positioning of additional genes besides *CLN2*. However, transplanting the *CLN2* locus away from telomeres did not alter its perinuclear location in G1 or advance Start ([Supplementary Figure S7F](#SD7){ref-type="supplementary-material"}), suggesting that proximity to telomeres is not required for *CLN2* regulation. This is consistent with the finding that placing *CLN2* in a plasmid does not alter G1 duration [@R47].

To determine if Hos3-dependent perinuclear association of *CLN2* contributes to the role of Hos3 in Start, we evaluated ectopic recruitment of *CLN2* to the nuclear periphery using the LexA-Yif1 system [@R48]. Expression of LexA-Yif1, but not of LexA alone, increased G1 duration in both mother and daughter cells, indicating that enrichment of *CLN2* in the nuclear periphery is sufficient to delay Start. This delay was not bypassed in *hos3*Δ cells, suggesting that Hos3 is responsible for perinuclear targeting of *CLN2* but is dispensable for its repression ([Figure 6F](#F6){ref-type="fig"}).

Daughter cell cycle control requires deacetylation of NPC components {#S8}
--------------------------------------------------------------------

Multiple nucleoporins are acetylated in yeast, although the functional relevance of these modifications remains unclear [@R49]. Nup60 acetylation levels are lower in late mitosis and G1 cells, and increase in S phase, mirroring Hos3 association kinetics with daughter cell NPCs ([Figure 7A](#F7){ref-type="fig"}). Moreover, acetylation levels of Nup60 and of the central channel components Nup49, Nup53 and Nup57 were reduced in *HOS3-NLS* relative to *hos3*Δ strains ([Figure 7B](#F7){ref-type="fig"}). To investigate if Hos3 regulates Start through deacetylation of NPC components, we generated point mutants of nucleoporins in which previously identified acetylated lysines [@R49] were changed to asparagine, whose biophysical properties resemble those of acetylated lysine and thus may mimic constitutive acetylation [@R50]. Consistent with this, lysine-to-asparagine (*KN*) alleles of Nup60, Nup49, Nup53 and Nup57 did not perturb cell growth or Nup60 perinuclear localization, and their combination conferred resistance to the toxic effects of Hos3-NLS over-expression ([Supplementary Figure S8A-C](#SD7){ref-type="supplementary-material"}).

We used time-lapse microscopy to determine whether nucleoporin *KN* alleles affect asymmetric Whi5 nuclear concentration and perinuclear tethering of *CLN2* in daughter cells. Asymmetric partitioning of Whi5 and its nuclear transport receptors Kap95 and Msn5 was impaired in cells expressing *KN* alleles of multiple nucleoporins, to levels similar to cells lacking Hos3 activity ([Figure 7C](#F7){ref-type="fig"} and [Supplementary Figure S8D](#SD7){ref-type="supplementary-material"}). Moreover, *CLN2* perinuclear tethering in early G1 was defective in *hos3^EN^*, *nup49^KN^* and *nup60^KN^* daughters ([Figure 7D](#F7){ref-type="fig"}). Thus, constitutive acetylation of putative Hos3 substrates at the NPC disrupts asymmetric partitioning of nuclear transport receptors and Whi5, and perinuclear tethering of *CLN2*. Interestingly, *nup60*Δ and *nup60^KN^* cells showed strong impairment of *CLN2* tethering but relatively milder defects in Whi5 asymmetry, and the *nup57^KN^* mutation was required to disrupt asymmetry of Msn5 but not of Kap95 ([Figure 7C-D](#F7){ref-type="fig"} and [Supplementary Figure S8E](#SD7){ref-type="supplementary-material"}). Therefore, individual nucleoporins probably make specific contributions to the establishment of asymmetries in nuclear transport and *CLN2* tethering.

Finally, we examined progression through Start in nucleoporin mutants. Individual mutations in nucleoporins *nup60^KN^* and *nup49^KN^* slightly advanced cell cycle entry in mutant daughters relative to wild type daughters of similar size ([Figure 8A-B](#F8){ref-type="fig"}). Deletion of *NUP60* advanced S phase to a similar level as *nup60^KN^* ([Supplementary Figure S8F](#SD7){ref-type="supplementary-material"}). Remarkably, T1 duration was reduced in *nup49^KN^ nup60^KN^* double mutant daughters to levels comparable to *hos3* mutants ([Figure 8C-D](#F8){ref-type="fig"}). We conclude that combined deacetylation of nuclear basket and central channel nucleoporins is sufficient to inhibit Start in daughter cells.

Discussion {#S9}
==========

We have identified a mechanism that establishes differences in NPC acetylation and cell fate between mother and daughter cells in *Saccharomyces cerevisiae*. During mitosis, the Hos3 deacetylase associates with NPCs in the daughter cell to direct its cell cycle program. This stands in contrast to other known fate-determinant partition mechanisms, which rely on compartmentalization and polarization of the cell cortex. Because perinuclear enrichment of Hos3 required its association to the daughter side of the bud neck and nuclear migration into the daughter cell, we speculate that Hos3 association with NPCs is triggered by the close proximity between the daughter side of the septin ring and NPCs traversing the bud neck. This remains to be directly demonstrated.

Our data suggest that perinuclear Hos3 delays Start through mechanisms independent from Ace2, which represses Cln3 transcription in daughter cells [@R25],[@R26], and from Rpd3, a type I HDAC that repress the *CLN2* promoter [@R31]. Instead, Hos3 acts by establishing NPC deacetylation in daughter cells, which inhibits the G1/S transition through two mechanisms. Firstly, NPC deacetylation mediates enrichment of the Start inhibitor Whi5 in daughter nuclei [@R27],[@R30] and counters the accumulation of karyopherins Kap95 and Msn5 in daughters, which control nuclear levels of Whi5 [@R40],[@R41]. This provides a mechanism by which deacetylation of NPCs can control Start in daughter cells. Secondly, NPC deacetylation confines the *CLN2* gene locus to the nuclear periphery in G1 daughter cells, where it associates with the nuclear pore basket component Nup60, and which also delays Start. There is accumulating evidence that nuclear pores bind silent genomic regions or poised genes [@R51]--[@R54], and cell cycle regulator genes have been previously found at nuclear pores by genome-wide studies [@R55]. Thus, Hos3 may target *CLN2* to NPCs to mediate its repression, dampening the positive feedback on Cdk1 and further contributing to delaying Start in daughter cells. Interestingly, acetylation by the SAGA complex plays a major role in the recruitment of chromatin to NPCs and the nuclear periphery [@R56],[@R57]. Whether Hos3 counteracts SAGA to control Start in daughter cells remains to be determined.

In summary, we propose that Hos3 inhibits cell cycle entry in daughter cells through deacetylation of the nuclear basket (which predominantly modulates *CLN2* tethering to NPCs) and of the central channel, which affects both *CLN2* positioning and Whi5 partitioning ([Figure 8E](#F8){ref-type="fig"}). Hos3 likely controls Whi5 nuclear levels and *CLN2* gene positioning through independent mechanisms. Supporting this possibility, Whi5 is not required for *CLN2* perinuclear anchoring in G1, and *nup60* mutations perturb *CLN2* anchoring but not Whi5 asymmetry. Hos3 may control the nucleo-cytoplasmic shuttling of other factors besides Whi5, and sub-nuclear positioning of other genes besides *CLN2*, which may contribute to the daughter-specific Start delay.

These data reveal that modulation of NPC functions plays a key role in the control of cell cycle progression, and establish deacetylation as a mechanism to regulate NPCs in different cell cycle stages and cell types. The segregation mechanism of Hos3 may be specific to budding yeasts, which have a specialized type of nuclear division. However, differential expression or localization of Hos3-like deacetylases might modulate NPC acetylation in other organisms in a cell cycle- or cell type-specific manner. Interestingly, the human homologues of yeast Nup60 and Nup49 (Nup153 and Nup58, respectively) are also acetylated [@R58]. Moreover, an interplay between NPCs and tissue-specific class-II HDACs has been linked to the regulation of gene expression and positioning in cultured animal cells [@R59]--[@R61] and Nup153 is involved in ES cell pluripotency through gene silencing [@R62]. Whether any of these processes is controlled by acetylation of NPCs is not known. Thus, our findings open the possibility that nucleoporin deacetylation might be a conserved mechanism to regulate NPC functions and cell fate determination.

Online Methods {#S10}
==============

Strains, cell growth {#S11}
--------------------

*S. cerevisiae* strains are derivatives of S288c except when noted (strains; [Table S3](#SD4){ref-type="supplementary-material"}). Gene deletions and insertions were generated by standard one-step PCR-based methods [@R63] (oligos; [Table S4](#SD5){ref-type="supplementary-material"}). An oligonucleotide encoding the SV40 NLS peptide PKKKRKVEDP was used to amplify eGFP from pYM28 or pYM27 by PCR, and yeast cells were transformed with the resulting DNA fragment to generate Hos3-NLS-GFP. Site-directed mutagenesis (QuickChange, Agilent Technologies) as used to generate the *HOS3pr-HOS3(H196E, D231N)-GFP* mutant in an integrative plasmid, then used to insert the mutant gene at the *HIS3* locus (pRS403/NheI) in a *hos3*Δ background. *KN* mutants were generated using CRISPR/Cas9 to replace acetylated lysines \[identified in [@R49]\] with asparagine, and are listed in [Table S5](#SD6){ref-type="supplementary-material"}. Positive clones were generated and verified by sequencing as described [@R64]. At least two independent clones per strain were analyzed, with identical results.

The LacO array was inserted 87 bp downstream of *CLN2* gene using a two-step PCR based method [@R65]. GFP-LacI was integrated at *HIS3* using NheI-digested pAFS135 (Straight et al., 1996). For *CLN2* gene insertion and visualization at different genomic locations, the parB-mCherry/Int1 method was used [@R68]. Int1::NAT sequence was first inserted 87 bp downstream of *CLN2* gene using a PCR-based method, amplified from plasmid pFG2, pANCH1-NAT. The pCM189-ParB1-mCh::URA plasmid was than transformed in order to visualize the *CLN2* gene locus. To place *CLN2-INT1* at different chromosome locations, the *CLN2* ORF including 1106 bp upstream promoter and downstream 400 bp UTR region was amplified using primers ([Table S4](#SD5){ref-type="supplementary-material"}); transformed in *cln2Δ* strain and confirmed by PCR.

The 8XLexA promoter array along with the *URA3* cassette were amplified by PCR from pSH18-34 (Invitrogen) and inserted at the 3' of *CLN2* (87 bp downstream of stop codon). LexA or LexA fused to full-length Yif1 under the control of the *ADH1* promoter were expressed from pRS425-based plasmids.

For G1 arrest, cells were grown in YPDA (yeast extract, peptone, dextrose, and adenine) medium to log phase, synchronized with 15 μg/ml alpha-factor (Sigma-Aldrich) for 2 h and released in fresh YPDA medium at 30°C. For induction of the *GAL1,10* promoter, cells were grown overnight in YPRaf medium, washed, shifted to YPGal (yeast extract, peptone, galactose) medium for 4 hours, and then plated on YPGal plates. For arrest in metaphase, *MET3pr-CDC20* cells were grown in synthetic minimal medium lacking methionine at 25°C until mid-log phase and the media was supplemented with 2 mM methionine during 2 h 30 min. For release, cells were washed twice and resuspended in minimal medium lacking methionine.

For tethering of Hos3 to nuclear pores, we used inducible dimerization of FK506-binding protein (FKBP) and FKBP-rapamycin binding (FRB) domain to tag it at C-terminus of Hos3 (Hos3-GFP-FRB; bait) and Nup49 (Nup49-RFP-FKBP; anchor) as described [@R39]. The final strain harbors the *tor1-1* mutation and lacks the endogenous *FPR1* gene rendering growth insensitive to rapamycin. Cells were incubated with 25 μM rapamycin throughout the imaging experiment. Association of Hos3-GFP-FRB with nuclear pores was observed within 5 minutes of rapamycin addition.

Fluorescence microscopy {#S12}
-----------------------

For time-lapse microscopy, cells were grown overnight in 100 ml flasks containing 25 ml minimal medium at 30°C, then diluted to O.D~600~ = 0.1-0.3 in fresh medium, grown for 4 hours to mid-log phase and plated in minimal synthetic medium on concanavalin A--coated (Sigma-Aldrich) Lab-Tek chambers (Thermo Fisher Scientific). Time-lapse imaging was performed using a spinning-disk confocal microscope (Revolution XD; Andor Technology) with a Plan Apochromat 100x, 1.45 NA objective equipped with a dual-mode electron-modifying charge-coupled device camera (iXon 897 E Dual Mode EM-CCD camera; Andor Technology), temperature-controlled microscopy chamber, a z-stepper and an automated stage. Images were analyzed on 2D maximum projections. Maximum projections are shown throughout, except in [Fig. 2A](#F2){ref-type="fig"}, where one confocal section is shown for clarity. For epifluorescence microscopy, a Leica AF 6000 wide-field microscope with an Andor DU-885K-CSO-\#VP camera was used.

Quantification of GFP fusion protein abundance was determined in background-subtracted 2D sum projections of whole-cell Z-stacks, with the nuclear area defined by Nup49-mCherry or by GFP fluorescence.

The position of GFP-LacI spots was mapped in confocal sections by assigning the GFP spot to one of three nuclear zones of equal area, as described [@R66]. To map the position of GFP-LacI spots by confocal microscopy, the nuclear periphery was marked with Nup49-mCherry; 200 ms (GFP) and 250 ms (mCherry) exposure time was used to acquire 26 images (Z-step: 210 nm) to reconstruct the whole 3D nuclear volume. The distance (μm) of brightest intensity spot of GFP-LacI position from nuclear periphery was determined using ImageJ 1.48u software. Nuclear diameter was determined by measuring the nuclear long axis. Nuclear volume was divided into 3 zones as described [@R66]. Briefly, by dividing the GFP spot to periphery distance to nuclear diameter, each spot falls into one of three consecutive zones of equal area. The most peripheral zone I has a width of 0.184 × the nuclear radius (r), zone II = 0.184 × r to 0.422 × r, and zone III has a radius of 0.422 × r. More than 100 nuclei were measured for each condition.

Analysis of G1 duration was performed essentially as described [@R33] except that cell size was measured on DIC stacks using ImageJ and a customized version of the BudJ3D plug-in [@R67] to calculate cell volume using bright-field images. Growth rates were determined by linear regression of volumetric data over time. Time-lapse series of 4 μm stacks spaced 0.2-0.3 μm were acquired every 2-4 minutes using iQ Live Cell Imaging software (Andor Technology).

For the screen in [Figure 5A-B](#F5){ref-type="fig"}, at least 200 cells were assessed from 4 different fields for each candidate; positive hits were individually checked twice to verify the GFP localization phenotypes.

Immunolocalisation and Electron Microscopy {#S13}
------------------------------------------

Cells expressing Hos3-NLS-6HA were grown until log phase, arrested in G1 with 15 μg/ml alpha-factor (Sigma) for 2 h and released in fresh YPDA medium at 30 °C. Cells were collected, filtered into a paste and cryoimmobilised by high-pressure freezing with hpm010 (ABRA Fluid). Freeze substitution was done using a EM-AFS2 device (Leica Microsystems). The freeze substitution solution used contained 0.1% uranyl acetate and 1 % water dissolved in anhydrous acetone and the samples were substituted at -90 °C for 48 h. The temperature was then increased at a rate of 5 °C/hour to -45 ºC followed by 5 h incubation at -45 °C. Samples were rinsed with acetone for three times 10 min followed by lowicryl HM20 (Polysciences) infiltration at -25 °C with 25% lowicryl in acetone 2 h, 50% for 2 h and 75% for 2h. Samples were then left in 100% lowicryl for three times 10 h before onset of polymerization. UV polymerization was applied for 48 h at -25°C and the temperature was increased to 20 °C (5 °C/h). The samples were left exposed to UV at room temperature for 48 h. Thin sections (70 nm) were cut with a Leica Ultra-cut UCT microtome and collected on Formvar-coated, palladium-copper slot grids. Immunogold labelling was done by floating grids on drops of blocking buffer consisting of 0.8% BSA and 0.1% fish skin gelatine in PBS for 30 min, followed by incubation on drops of Anti-HA antibody (Roche) diluted 1:50 in blocking buffer for 30 min, followed by incubation in rabbit anti rat antibody (Rockland) and subsequently 10 nm gold-conjugated Protein A (CMC University Medical Center Utrecht, Netherlands) for 20 min. Grids were rinsed floating on 5 drops of PBS between each incubation step. Labeling was followed by an extensive rinse of 1 h on 10 drops of PBS. Sections were then fixed in 1% glutaraldehyde in PBS for 5 min, rinsed in 10 drops of water and post-stained using uranyl acetate and lead citrate. Sections were viewed using a CM120 biotwin electron microscope (FEI) operating at 100 kV. Digital acquisitions were made with a Keen View CCD camera (Soft Imaging System).

Co-immunoprecipitation {#S14}
----------------------

Cells were grown to log phase or synchronized by Cdc20 depletion, lysed in bead beater with glass beads, and extracts incubated with anti-Myc antibody (05-724; Millipore) coupled to Dynabeads M-280 sheep anti-mouse IgG (11201D) to immuno-precipitate Hos3-myc. For western blotting, anti-Myc (A-14:sc-789, Santa Cruz), anti-GFP (Ref 11814460001, Roche) and anti-acetyl Lys (Cell Signaling, Ref 9681) antibodies were used. All antibodies were used at 1:500 dilution except anti-GFP, which was used at 1:1000.

Chromatin Immunoprecipitation assays {#S15}
------------------------------------

Approximately 5 x 10^8^ cells (or 100 ml culture OD~600~= 0.5) were cross-linked for 15 min in formaldehyde 1% and quenched for 5 min in glycine 125 mM. Cells were washed and resuspended in 300 μL of lysis buffer (50mM HEPES-KOH pH 7.9, 40mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxicholate, 1mM PMSF, 1 mM benzamidine and Complete Mini protease inhibitor, Roche), and lysed by vortexing with glass beads for 30 min at 4 °C. Lysis buffer was supplemented to a final volume of 600 μL, and chromatin was then fragmented by sonication and the sample was centrifuged at 13,400 x g for 15 min. 20 μL from the supernatant was collected as a control of whole-cell extract (input) and the remaining was incubated with orbital rotation for 2 h at 4 °C with Dynabeads Protein G (Invitrogen) previously bound to 2 μg anti-HA (F-7) antibody (Santa Cruz Biotechnology Inc. Cat. No: SC-7392). Beads were then washed 4 times in PBS (150mM NaCl, 40mM Na2HPO4, 10mM NaH2PO4) containing 0.02% (v/v) Tween 20. Elution of bound protein was carried out twice with 40 μL of 50mM Tris-HCl pH 8.0, 10mM EDTA, 1% (w/v) SDS, by heating at 65 °C for 10 min. Cross-linking was reverted by overnight incubation at 65 °C with shaking. The eluted sample was digested for 90 min at 37 °C with 0.33 mg mL−1 proteinase K and DNA was purified with the High Pure PCR product purification kit (Roche Diagnostics). Co-immunoprecipitated DNA was analyzed in triplicate by Real Time PCR in a LightCycler® 480 Instrument II using the LightCycler® 480 SYBR® Green I Master (Roche Diagnostics). DNA analyzed are fragments from *CLN2* promoter and ORF and an intergenic region as a control. Nup60 binding values indicates the specific enrichment of the investigated promoter fragments in the immunoprecipitated sample compared to the whole-cell extract (input) using the intergenic region as a control, calculated with the ΔΔCT method. Values are relative to the no tag control strain (value of 1 equivalent to no specific enrichment).

Statistical methods and reproducibility {#S16}
---------------------------------------

To assess statistical significance, Student\'s t-test was used on normally distributed samples, and the Mann-Whitney test was used on non-Gaussian sample distributions. All experiments, including microscopy and biochemical experiments, were repeated at least twice with similar results.
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![Hos3 delays Start in daughter cells.\
(**A**) Scheme showing the separation of G1 in two distinct periods, T1 and T2, relative to Myo1 and Whi5 dynamics. The disappearance of Myo1-GFP from the bud neck marked cytokinesis; its reappearance to the new bud site marked budding. **(B)** Composite of phase contrast, Whi5-GFP and Myo1-GFP in wild type (*WT*) and *hos3*Δ cells. Daughter *hos3*Δ cells start a new bud (Myo1-GFP appearance, arrows) earlier than *WT*. Confocal sections spanning the entire cell were acquired at 3-minute intervals. Time is indicated in minutes; t=0 marks the last frame before cytokinesis. Scale bars, 2 μm. Experiments were repeated three times with similar results. (**C-G**) αTG1 values (mean and SEM) (C) and correlation between αT1 (with binned means and SEM) and cell size at the time of birth (cytokinesis) (D-G), for mother and daughter cell pairs. **(H)** αT1 values (mean and SEM) are shown in cells of the indicated strains. Sample size: *WT* (n=110 cells), *hos3*Δ (n=128 cells) and *hos3^EN^* (n=66 cells) pooled from three independent experiments. In panels C and H, two-sided Mann-Whitney test were used. \*\*\* denotes *p* \< 0.0001; ns, non-significant, *p* \> 0.05. Exact *p* values: 8.93x10^-5^ (Figure 1C, *WT* vs. *hos3*Δ), 7.20x10^-7^ (1H, *WT* vs. *hos3*Δ), 5.69x10^-4^ (1H, *WT* vs. *hos3^EN^*).](emss-76155-f001){#F1}

![Hos3 localizes to the periphery of daughter nuclei upon nuclear migration in anaphase.\
**(A)** Localization of Hos3-GFP (green) to the bud neck during mitosis and to the daughter nuclear periphery (Nup49-mCherry, in red) during nuclear migration into the bud. Arrows point to perinuclear Hos3-GFP. The box plot shows the ratio of nuclear intensity of GFP and mCherry signals in late anaphase cells (n = 67 cells). Boxes include 50% of data points, the line represents the median and whiskers extend to maximum and minimum values. **(B)** Cell extracts were prepared at the indicated times after release from a G1 block (induced with alpha factor). Hos3-GFP was detected with an anti-GFP antibody; Clb2 (B-type cyclin) serves as a cell cycle progression marker, and Pgk1(3-phosphoglycerate kinase) as loading control. This experiment was repeated two times with similar results. (**C**) A *dyn1*Δ cell showing separated anaphase nuclei (Nup49-mCherry, in red) in the mother cell. Hos3-GFP associates with the nuclear periphery only after nuclear migration across the bud neck (arrows). (**D**) Hos3-GFP is absent from the bud neck and nuclear periphery in the *hsl7*Δ mutant, but localizes to the dSPB (marked with Spc42-mCherry, red) in anaphase (arrows). **(E)** Hos3-GFP localizes to bud neck and spindle pole body (marked with Spc42-mCherry, arrow) in *mtr10-1* cells at 30ºC, but fails to localize at the nuclear periphery. Maximal projections of whole-cell Z-stacks are shown, expect in (A) where one medial section is shown for clarity. Images were acquired at 2-4 minute intervals; time is indicated in minutes. t=0 is the last frame before the nucleus traverses the bud neck. Scale bars, 2 μm. Experiments in (C-E) were repeated three times with similar results.](emss-76155-f002){#F2}

![Perinuclear Hos3 inhibits cell cycle entry.\
(**A**) Hos3-NLS-GFP (green) localizes to the nuclear periphery (Nup49-mCherry, red) in mother and daughter cells. The graph shows the Pearson\'s correlation coefficient of the GFP and mCherry channels in the indicated anaphase cells. Wild type (n= 35 cells), Hos3-NLS-GFP (n= 46 cells). Boxes include 50% of data points, the line represents the median and whiskers extend to maximum and minimum values. (**B**) Anaphase and G1 in a cell expressing Hos3-NLS-mCherry. Arrowheads point to perinuclear Hos3-NLS in mother and daughter cells; the arrow points to persistent Whi5-GFP in the mother nucleus. Time is indicated in minutes; t=0 marks the last frame before cytokinesis. **(C)** Duration of pre-Start G1 phase (T1) in *WHI5-GFP MYO1-GFP* cells, expressing either Hos3 (*WT*) or Hos3-NLS-mCherry. Mother and daughter cell pairs in *WT* (n=177 cells), *HOS3-NLS* (n=191 cells) pooled from three independent experiments. Lines represent the mean. \*\*\*, *p* \< 0.001, two-sided Mann-Whitney test. Exact *p* values: 1.25x10^-7^ (mothers), 5.67x10^-4^ (daughters). (**D**) Growth inhibition upon over-expression of Hos3-NLS from the G*AL1,10* promoter. Serial dilutions of the indicated strains expressing Hos3-GFP fusions were incubated for 2 days at 30 ºC. (**E**) DIC images of wild type and Hos3-NLS after 2 days of growth in YP + galactose plates. Scale bars, 2 μm. All experiments in this figure were repeated three times with similar results.](emss-76155-f003){#F3}

![Hos3 associates with nuclear pore complexes.\
**(A)** Hos3-GFP (green) Nup60-mCherry (red) form partially overlapping clusters during anaphase in *nup133*Δ cells. This experiment was repeated three times with similar results. (**B**) Loss of perinuclear Hos3-GFP and its distribution in the nucleoplasm during anaphase in a *nup60*Δ cell. The fluorescence intensity of Hos3-GFP and Nup49-mCherry (to mark the nuclear periphery) were measured across the daughter cell nucleus in wild type and *nup60*Δ late anaphase cells after Hos3-GFP nuclear import (yellow lines). Hos3-GFP and Nup49-mCherry profiles closely overlap in wild type whereas Hos3 is distributed throughout the nucleoplasm in *nup60*Δ. n=10 cells / strain, pooled from three independent experiments. Mean and SEM are shown. **(C)** Hos3 and Nup60 are associated in mitotic yeast extracts. Hos3-myc was immunoprecipitated in extracts prepared from metaphase-arrested cells (Cdc20 depletion) and from asynchronously growing cultures (log phase). Proteins were detected by western blot using the indicated antibodies. This experiment was repeated three times with similar results. **(D)** Hos3-FRB-GFP recruitment to NPCs upon rapamycin addition prolongs T1 duration in mother cells. (*Left*) Association of Hos3-GFP-FRB with nuclear pores (co-localization with Nup49-FKBP-RFP) was observed within 5 minutes of rapamycin addition. (*Right*) The experiment was repeated in the same cells, but also expressing Whi5-GFP. T1 was delayed in mother cells and was inhibited for the duration of the movie (3 hours) in daughter cells (right). WT (n=40 cells), Hos3-FRB-GFP Nup49-FKBP-mCherry, n=86 cells (-rapamycin), n= 25 cells (+rapamycin). Boxes include 50% of data points, the line represents the median and whiskers extend to maximum and minimum values. Cells were pooled from two independent experiments. In (A-B), time is indicated in minutes; t=0 marks the last frame before nuclear entry into the bud. Scale bars, 2 μm.](emss-76155-f004){#F4}

![Hos3 modulates localization of perinuclear factors and controls the asymmetry of Whi5 and karyopherins.\
**(A)** Construction of a library of nuclear GFP-fusion proteins expressing Hos3 or Hos3-NLS. **(B)** Examples of protein localization changes induced by Hos3-NLS. Group I proteins are displaced away from the nuclear periphery, whereas group II proteins are enriched at the same location in the presence of Hos3-NLS. These experiments were repeated three times with similar results. **(C-E)** Hos3 affects asymmetric distribution of Whi5, Kap95 and Msn5. Nuclear fluorescence was measured in mother and daughter cells at the time of birth. Boxes include 50% of data points, the line represents the median and whiskers extend to maximum and minimum values. \*\*\*, *p* \< 0.001, two-sided Mann-Whitney test. Exact *p* values: 10^-15^ (Whi5), 10^-15^ (Kap95), 2.8x10^-10^ (Msn5). Arrows indicate increased protein accumulation in mother or daughter cells. **(F)** Correlation between αTG1 and cell size at the time of birth (cytokinesis), for mother and daughter cell pairs (*left*); and αTG1 (mean and SEM) (*right*) in *whi5*Δ (n=178 cells) and *whi5*Δ *hos3*Δ (204 cells). *WT* (n=110 cells) and *hos3*Δ (n=128 cells) from [Figure 1](#F1){ref-type="fig"} are included for comparison. \*\*\* *p* \< 0.001, two-sided Mann-Whitney test. Exact *p* values: 10^-13^ (*hos3* vs *hos3 whi5*); 4.53x10^-5^ (*whi5* vs *hos3 whi5*). Note that TG1 was used to measure Start instead of T1, since the latter is defined by Whi5 nuclear exit. Scale bars, 2 μm. **(G)** Frequency of budding in cells of the indicated strains, determined by time-lapse microscopy as in [Figure 1](#F1){ref-type="fig"}. Daughter cells; *cln1*Δ*cln2*Δ*whi5*Δ (n=63 cells), *cln1*Δ*cln2*Δ*whi5*Δ*hos3*Δ (n=54 cells).](emss-76155-f005){#F5}

![Hos3-dependent perinuclear anchoring of *CLN2* delays Start.\
**(A)** Fluorescence intensity of CLN2pr-GFP in mother and daughter cells relative to cytokinesis (Myo1-mCherry disappearance; t=0) in wild type and *hos3*Δ. Images were acquired at 3 min intervals. The GFP signal increases shortly after cytokinesis in *WT* and *hos3*Δ mother cells. Arrows indicate the interval between cytokinesis and the half-maximum of CLN2pr-GFP intensity in daughter cells. **(B)** Time (mean and SD) of half-maximum CLN2pr-GFP intensity relative to cytokinesis for *WT* (n=20 mother-bud pairs) and *hos3*Δ (n=15 pairs) (\*\*, *p* \< 0.01; ns, non-significant; two-sided Student's t-test). Exact *p* value: 2.60x10^-3^ (daughters). **(C)** Composite of phase contrast, *CLN2::lacO* (LacI-GFP, green) and Nup49-mCherry (red) in G1 and S-phase cells of the indicated strains. **(D)** Subnuclear position of *CLN2* in the indicated strains and cell cycle stages, determined by mapping their localization to one of three concentric nuclear zones of equal surface in confocal optical slices. Cell numbers (n), pooled from three independent experiments with similar results: *WT*: 102 (G1), 92 (S). *hos3*Δ: 108 (G1), 108 (S). *whi5*Δ: 108 (G1), 82 (S). (**E**) (*Left*) Cultures of *MET3:CDC20* and *MET3:CDC20 hos3Δ* were arrested in metaphase by adding methionine 2 mM (time 0, \>95% of cells arrested). Cells were released in fresh medium lacking methionine, at 25 °C. (*Right*) Binding of Nup60-HA to *CLN2* promoter and ORF investigated by Chromatin Inmunoprecipitation (ChIP) assays. After the release from the arrest, Nup60 binding to *CLN2* loci was investigated by ChIP assays in G1 (35-40 min) and S phase (60-65 min). Values are the mean and SD derived from n=4 independent experiments; individual data points are displayed. **(F)** Duration of pre-Start G1 phase (T1) in cells containing LexA recognition sites within the 3'UTR of *CLN2*, to tether *CLN2* to the nuclear periphery in the presence of LexA-Yif1 fusion protein. *WT*+ LexA (n=92 cell pairs), *WT*+LexA-Yif1 (n=136), *hos3Δ*+LexA-Yif1 (n=170). Lines represent the mean (\* *p* \< 0.05, \*\*\* *p* \< 0.001, two-sided Mann-Whitney test). Exact *p* values: 9.14x10^-10^ (*WT* mothers, LexA vs LexA-Yif1), 4.36x10^-2^ (*WT* daughters, LexA vs LexA-Yif1).](emss-76155-f006){#F6}

![Modification of nucleoporins by Hos3 regulates Whi5 transport and *CLN2* tethering.\
**(A)** Acetylation of Nup60 in wild type cells released from a metaphase arrest. *GAL1pr*:*CDC20* cells were arrested in glucose media for 3 h. Nup60 protein levels were assessed at the indicated times after Cdc20 induction (galactose addition) with anti-myc antibodies and acetylation levels were assayed with an antibody against acetylated lysines. (**B**) Acetylation of nucleoporins in Hos3 mutants. Endogenously tagged proteins were immunoprecipitated from *HOS3-NLS* and *hos3*Δ extracts and assayed as in panel (A). Experiments in A-B were repeated two times with similar results. **(C)** Distribution of Whi5 and its transport receptors in wild-type and acetyl-mimic (*KN*) mutants of the indicated nucleoporins. Nuclear fluorescence was measured in mother and daughter cells at the time of birth as in [Fig. 5C](#F5){ref-type="fig"}. Boxes include 50% of data points, the line represents the median and whiskers extend to maximum and minimum values. The number of cells (n values) analyzed is in brackets; *p* \< 0.05 (\*), 0.01 (\*\*) and 0.001 (\*\*\*), two-sided Mann-Whitney test relative to *WT*. Exact *p* values: (Whi5) *nup60* = 2.01x10^-2^, *nup49* = 1.09x10^-4^, *nup60 nup49* = 1.22 x10^-5^; *hos3^EN^* = 3.49 x10^-10^; (Kap95) *nup60 nup49* = 1.48 x10^-4^; *nup60 nup49 nup53* = 1.76 x10^-5^, *nup60 nup49 nup57* = 1.58 x10^-2^; (Msn5) *nup60 nup49 nup57* = 2.79 x10^-5^. **(D)** (*Top*) Subnuclear position of *CLN2* (as in [Fig. 6D](#F6){ref-type="fig"}) during the first 24 minutes following cytokinesis, determined by time-lapse imaging in daughter (D) and mother cells (M) of the indicated strains. Images were acquired at 12 min intervals (the number of cells analyzed is in brackets; cells were pooled from three independent experiments). (*Bottom*) GFP, mCherry and phase contrast composite images of *CLN2::lacO LacI-GFP NUP49-mCherry* mother (M) and daughter (D) cells. Images were acquired at 12 min intervals. Time is indicated in minutes; time 0 corresponds to cytokinesis. Maximal projections are shown. Position of *CLN2* relative to the nuclear periphery (zone I or II) was determined in single confocal planes and is indicated in frames after cytokinesis.](emss-76155-f007){#F7}

![Modification of nucleoporins by Hos3 regulates cell cycle entry.\
**(A-C)** Correlation between αT1 and cell size at the time of cytokinesis, for mother and daughter cell pairs in the indicated strains. Mother and daughter cell pairs in *nup60^KN^* n= 157, *nup49^KN^* n= 156, *nup60^KN^ nup49^KN^* n= 91. **(D)** Correlation between αT1 and cell size at the time of cytokinesis for daughter cells of the indicated strains (left) and αT1 values (mean and SEM) for cells of size at birth 25 -- 50 fl for cells shown in (A-C) (\*\*\*\*, *p* \< 0.00001; two-sided Mann-Whitney test) (right). Exact *p* values: *nup60^KN^* vs *nup60^KN^ nup49^KN^* = 4.10x10^-6^; *nup49^KN^* vs *nup60^KN^ nup49^KN^* = 2.53x10^-6^. **(E)** Model for Hos3 function in cell cycle entry. Hos3 (red circles) concentrates at the daughter side of the septin ring at bud neck prior to anaphase. Upon passage of the nucleus through the bud neck, Hos3 is imported in a Mtr10-dependent manner and associates with the nuclear basket of NPCs. Hos3 deacetylates NPCs to affect their functions in daughter cells, leading to perinuclear positioning of the silent *CLN2* locus and to higher accumulation of the Whi5 transcriptional repressor in daughter nuclei, delaying Start in daughter cells.](emss-76155-f008){#F8}
